Abstract-We have experimentally demonstrated blackbody-like behavior in a thin nanostructured metallic layer shaped in the form of a composite deep diffraction grating. This behavior is recorded over a wide optical wavelength range (240-550 nm) and for a broad range of angles of light incidence (0-75
INTRODUCTION
By Kirchhoff's definition, the blackbody is an object that absorbs all light that falls on it. Perfect blackbody absorbs electromagnetic radiation of any wavelength and does not produce reflected or transmitted light under any kind of illumination. Blackbody surfaces are of increasing importance in many fields of science and modern technologies. One of the most promising applications of the blackbody coatings is in the field of photothermal and photoelectrical conversion of the solar energy, where they could considerably increase the effectiveness of solar cells [1, 2] .
The promising candidates for a design of robust "blackbody" absorbing layers are plasmonic photonic crystal structures. While smooth metal surfaces reflect most of incident visible light and cannot be used as "blackbody" surfaces, the optical properties of a metallic film can be significantly altered by its nanostructuring that allows one to "manufacture" a desired index of refraction and achieve extraordinary optical properties. Collective electronic excitations called plasmons, both propagating and localized, are the main physical mechanisms for achieving strong absorption of light in periodic metallic structures [3] [4] [5] .
In this work we experimentally demonstrate plasmonic "blackbody" based on deep diffraction gratings made of extremely thin (90 nm) and robust gold films deposited on Poly-methylmethacrylate (PMMA) nanostripes. By "blackbody" in this paper we imply an object which strongly absorbs light in a wide spectral and angle range demonstrating blackbody-like behavior. We measure reflectance, transmittance and ellipsometry spectra for the samples of two orientations (gold stripes perpendicular plane of incidence and gold stripes parallel to the plane of incidence) and for two light polarizations (p-polarized and s-polarized light). We show that optical spectra of our structures can be tuned by adjusting the geometry of the gratings. For gold nanostructures, 97%-99% of light absorption is observed in a wavelength range of 240-550 nm for the large range of the incident angles (0-75 • ) for the light with electric field vector perpendicular to the grating stripes.
EXPERIMENTAL DETAILS
Deep gold composite diffraction gratings were fabricated on glass slides by electron beam lithography and metal evaporation. Poly-methyl-methacrylate (PMMA) of the total thickness of 120 nm was spun on the substrate and baked. The nanostripe arrays were exposed by electron beam lithography and the samples were developed resulting in 1D array of PMMA stripes of width b with the array constant a = 320 nm. Thermal evaporation has been used to deposit 5 nm Cr and 90 nm of Au onto the developed structures. The whole sample has size of 200 µm × 200 µm.
The ellipsometric spectra and polarized reflection spectra of the gold stripes have been measured by the focused beam M-2000F spectroscopic ellipsometer (J. A. Woollam, Inc.) which provides a small measurement spot (down to 30 µm). We recorded a pair of ellipsometric parameters Ψ and ∆ in the wavelength range from 250 to 1000 nm. The ellipsometric parameters have been measured for incidence polar angles θ ranging from 45 • to 74 • . The samples were rotated along the vertical axis to provide the azimuth angle φ variations. Two configurations of the azimuth angle, φ = 0 • and φ = 90 • , will be discussed for which the plane of incidence is oriented either along stripes arrays or perpendicular to them, respectively. The reflectivity spectra were also performed for the same two values of φ and two polarizations of incident light: p-polarization (electric field in the plane of incidence) and s-polarization (electric field perpendicular to the plane of incidence).
Optical transmission spectra were collected with a visible -near infrared Ocean Optics USB2000 spectrometer (400-830 nm). The transmitted light was collected using an optical fiber coupled to the spectrometer (200 µm core). The angle of incidence was varied from 0 • to 60 • . The transmission spectra were also measured for both p-and s-polarized illumination.
RESULTS AND DISCUSSION
Figures 1(a) and (b) illustrate p-and s-polarized reflectivity spectra measured at different incident angles (45 • ≤ θ ≤ 74 • in steps of 4 • ) for gold stripes of width b ∼ 150 nm, the grating constant a = 320 nm and the azimuth angle φ = 90 • . For all incident angles the reflectivity is close to zero for p-polarized light at the wavelength range of 240-550 nm. These spectra reach a maximum in the region λ ∼ 550-650 nm, and after that R p (λ) slowly decrease with increasing wavelength (Fig. 1(a) ). The s-polarization spectra R s (λ) do not show significant changes for examined structure and look like the reflection spectra observed for homogeneous thick gold films (Fig. 1(b) ). Inset of Fig. 1(b) shows the reflection spectra for p-and s-polarized light measured at the normal angle of incidence (θ = 0 • ) using reflection spectrometer. Figs. 1(c) and (d) show the transmission spectra of the gold nanostripes for p-and s-polarized light, respectively, for the same azimuth angle φ = 90 • . There are negligible changes in the intensity of transmission light for all spectral region and spectra for both polarizations are similar. The optical transmission for both polarizations leads to an extremely low value less than 0.5%. Small broad peaks in transmission occur at λ ∼ 500 nm for the normal angle of incidence (Figs. 1(c) and (d) ).
For all angles of incidence (0 • ≤ θ ≤ 75 • ) we observed pronounced reflectivity plateau with values of R p (λ) as low as 1-3% in the spectral range 240-550 nm. Transmission experiments revealed that within plateau only 0.5% of the incident light is transmitted through the gold stripes. Using the Kirchhoff's rule (the sum of the transmittance T (λ), reflectance R p (λ) and absorbance A(λ) should equal 1 in the absence of scattering and diffraction), we conclude that the coefficient of absorption for the studied grating was about 97% in the frequency range of 240-550 nm. Therefore, the gold nanostripes behave as an effective broadband absorbing coating mimicking the behavior of a blackbody in a wide spectral range that covers a large portion of visible spectra important for the operation of solar cells and in a wide range of incident angles.
The inset of Fig. 1 shows the polarization-contrast microscopy images our samples, which confirm the blackness of our object. In experiment the electric field of the white-light was set to be either perpendicular to the stripes, TM mode of the polarization, or parallel to the stripes, TE mode of polarization. The light transmitted or reflected from the gold nanostripes was collected by an objective and send to a CCD camera. These polarization-contrast optical images provided a simple and quick way to assess the blackness of the gold nanostripes observed in the TM illumination.
We utilize the effective medium approximation (EMA) and assign a complex effective index of refraction to our structure. For sub-wavelength diffraction gratings this refractive index can be calculated by using, e.g., Maxwell-Garnett approach [6, 7] . The values of gold permittivity, ε(ω), have been extracted from ellipsometric data measured on a flat 90 nm thick gold deposited at the same conditions as the studied samples. We determined the effective complex refraction index n eff + ik eff and n ⊥ eff + ik ⊥ eff (along stripes arrays or perpendicular to them) which have been used to calculate the optical response of the samples with the help of Fresnel coefficients for the EMA model. Fig. 2(a) shows the spectral dependence of the effective optical constants n ⊥ eff and k ⊥ eff . The dispersion observed for n ⊥ eff and k ⊥ eff is different from that of the bulk gold. We note that n ⊥ eff and k ⊥ eff demonstrate nearly flat bands in the wavelength range (240-500 nm). The reflectance and transmittance curves were calculated using the Fresnel equations for the three-layer system: air, uniform layer of nanostripes (effective medium), and thick gold (90 nm). Fig. 2(b) shows the polarized reflection spectra for the case of φ = 90 • , which are in a good qualitative agreement with our experimental data shown in Figs. 1(a) and (b) . For p-polarized light there are two regions. In first region 250-550 nm, the magnitude of R p (λ) is close to zero, and second region 650-1000 nm where the magnitude of R p (λ) tends to one.
Physically, the origin of the blackbody-like behavior (total absorption) comes from excitation of localized plasmons in an isolated gold stripe. Due to the negative real part of the dielectric constant of gold Re(ε(ω)) incident light excites localized plasmon resonances. These resonances can occur at discrete frequencies and are strongly localized in skin surface layer of stripes. Due to dipoledipole interaction between ensemble of stripes and strong coupling between localized plasmon these resonances tend to broadening and producing tight bound bands. The existence of plasmon bands is a necessary condition for creating plasmonic blackbody. Sufficient condition for appearance of almost 100% absorption is adjusting the structure parameters of stripes. We have shown both experimentally and theoretically that composite deep metallic gratings are promising structures for absorptive coatings working in a wide spectral range and for a wide range of incident angles. 
